Two methods for fast information encoding and free space communication are proposed, which are based on the rapid transitions in coherence-based (spatial and temporal) spectral anomalies called 'spectral switches'. The information (data bits) could be encoded in terms of red and blue shifts in the source spectrum. The encoding process itself could be made fast by polarization assisted switching of spectral anomalies using a polarization selective device such as an electro-optic modulator. The advantages and limitations of this polarization based data processing mechanism are also discussed.
Introduction
In recent years, the rapid advances in singular optics, especially spectral anomalies in the diffraction and interference patterns are considered as potential candidates for data encoding and transmission, and spectroscopy [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The spectral switch is found around the phase singularity, a point where the field amplitude vanishes and the phase cannot be estimated [1, 2] . In the past decade, using two remarkable interferometers, namely Young's interferometer and the Michelson interferometer, as tools, it has been shown both theoretically and experimentally [4, 5, 7] that at the far zone in the interference region, drastic spectral changes occur. The spectrum at such points is either red-shifted or blue-shifted from the source spectrum. The spectral changes at a fixed point in the far zone for the aforesaid configurations depend on several parameters. In the spectral switch based on Young's interferometer, these factors are the slit size, the spectral bandwidth of light and the degree of spatial coherence (spatial correlation length) at the double slit [6] . On the other hand, the spectral switch based on the Michelson interferometer depends on the temporal coherence (temporal correlation length) of the source. In this case the spectral shift is obtained by changing the path difference between the two arms of the interferometer [7] .
More recently, various methods have been proposed to utilize spectral switches for encoding digital bits of data (0 and 1). Most of the methods have been based on spectral anomalies due to spatial coherence, with certain advantages and limitations. For instance, swapping of the spectral changes (red shift to blue shift or vice versa) in the far field could be obtained by changing the source geometry [6, 8] (aperture size, etc), which is very simple in execution but is limited in speed due to the involvement of mechanical motion. In another approach, the spectral switch can be realized by varying the source properties (such as spectral width and spatial coherence), which is complex in execution [5] . Moreover, manipulating these features might modify the original source spectrum, which would in turn add another complication in the data encoding and transmission process. At the same time, the source should follow the scaling law [12] , so that any changes in its spectrum due to free space propagation could be eliminated. In a nutshell, though spectral switching based on spatial coherence in Young's Figure 1 . Schematic diagram to produce the spectral switch based on spatial coherence for fast data encoding and transmission. It consists of (a) the PCSS source, (b) the polarization selection optics and (c) the data transmission and detection mechanism. Notations are described in the text.
interferometer is very effective, the current limitation for its implementation is the requirement of a source equipped with a rapid spatial coherence variation mechanism with invariant spectral characteristics. Of late, several methods to achieve a fast data encoding mechanism have been proposed [13, 14] that depend on other procedures for generating a spectral switch, for example, the nonlinear Kerr effect.
In this paper, a new insight has been given to resolve the aforementioned problems of encoding data bits to the spectral shifts in an easy and fast manner. For this purpose, we utilize the coherence-based (both spatial and temporal) spectral switches reported previously using Young's interferometer and the Michelson interferometer [4, 7] . The emphasis is given to improving the existing findings for fast and effective data encoding and transmission. Our approach to resolve this problem is to use the polarization properties of light to select the spectral switch. For switching based on spatial coherence, we propose an idea to construct a source having different spatial coherence properties for different linear (H/V) polarization components. The spatial correlation length for H and V components of light can be chosen in such a manner that in the far field they produce different (red/blue) spectral shifts. For switching based on temporal coherence, the Michelson interferometer that is used to generate the spectral switch could be modified by introducing polarizing cubes with a predefined path difference between the two arms. In order to realize a spectral switch, in both methods, an external parameter (orientation of polarization) is varied, which selects the spectral switch and has no relation to its generation. Thus, the encoding process would be easy to perform and would not affect the initial source spectrum. Thanks to ultrafast polarization selection devices, such as electro-optic modulators (EOMs), the desired polarization (H/V) of the source could be selected and data encoding could be realized at high speed. A liquid crystal (LC) modulator can be used for slow polarization modulation [15] .
Spectral switch based on spatial coherence
To generate the spectral switch based on spatial coherence, we propose a quasi-homogeneous Gaussian-Schell model (GSM) source [12] having different spatial coherence properties for orthogonal polarization components of light. The GSM sources are easy to construct experimentally, their radiation properties could be easily estimated mathematically and these properties are analogous to most of the available sources in nature. Such sources are of extreme practical interest owing to the fact that they can generate beams and their radiant intensity in the far field can be controlled easily. For the GSM source, the spectrum and cross-spectral density are Gaussian functions and can be expressed as [12] 
where ω 0 is the central frequency and is the rms width. The rms spatial correlation length is given by σ (ω) = σ 0 ω 0 ω , where σ 0 is the rms spatial correlation length at ω 0 . We assume that the incident spectrum at both slits is the same, i.e. S 0 (r 1 , ω) = S 0 (r 2 , ω). However, the cross-spectral density for orthogonal polarization components is different, i.e. W xx (r 1 , r 2 , ω) = W yy (r 1 , r 2 , ω). In other words, the spatial correlation length is different for xx and yy components of light. We also observe from equation (2) that such a source follows the scaling law and thus rules out any changes in the spectrum of light on propagation in free space [12] .
A simple scheme to generate such a source is presented in figure 1 . It consists of a continuous spectrum source (S, for example, a tungsten halogen lamp) followed by a Gaussian broadband filter (F). A polarizing beam splitter (PBS) is used to divide the beam into orthogonal polarizations. Both the beams pass through slits, and after traversing different paths 1 and 2 (through mirrors, M) are recombined at one of the output ports of an unbalanced Mach-Zehnder interferometer using a nonpolarizing beam splitter (NPBS). A combination of a λ/2 plate followed by a polarizer passing H polarization is inserted in the shorter arm of the interferometer, providing the possibility to equalize the light intensities of the interfering beams. In accordance with the van Cittert-Zernike theorem [12] , partial coherence develops as the radiation propagates in free space. For a rectangular slit, the diameter of the region outside which there is complete incoherence in the far zone is proportional to λL/ρ, where λ is the central wavelength, ρ is the slit width, and L is the distance of the aperture (A) from the single slit. Thus, the degree of spatial coherence of the orthogonally (H/V) polarized beams can be controlled at A by changing the width of the slits and/or the distance between the slit and A, i.e. the length of the different paths 1 and 2 (see figure 1) . Figure 2 . Schematic representation of spectral changes obtained at the far field in a double-slit interferometer by polarization selection of orthogonal components of light. A one-to-one correspondence could be found in the selected polarizations and the type of spectral shifts. Polarizations V and H correspond to blue and red shifts respectively, whereas no polarization selection results in no spectral shift.
Since the recombined beam (after A) contains uncorrelated orthogonally polarized components with equal intensities 1 , by definition, it is unpolarized in nature. The width of A can be chosen slightly larger than the spatial correlation lengths at this plane, so that the produced secondary source emulates a GSM source. We call this source a polarization controlled spectral switching (PCSS) source. The radiation from this source passes through the double slit (DS) and the spectrum is investigated at a point in the far-field interference plane (O).
Using vectorial coherence theory [12] , the cross-spectral density matrix for the PCSS source can be written as
where
. The spectral degree of coherence is given by
where S 0 (r, ω) = TrW(r, r, ω) is the spectrum of light at each of the slits. Let us assume that the xx and yy components of light have the same spectral density (spectra) at each of the slits, i.e. S 0 xx (ω) = S 0 yy (ω). Since the spatial coherence properties for these components are different, the effective spectral degree of coherence at the double-slit plane for the combined beam can be calculated using equations (3) and (4) and is given by
Thus the spectral degree of coherence for the combined (unpolarized) beam would be an average value of the spectral degrees of coherence for the orthogonal polarized components. This property could be utilized to make a proper choice of the spectral correlation length for each polarization at the double-slit plane. The slit diameters and the path lengths of the interferometer can be picked out in such a way that at the double-slit plane, the spatial correlation length for the xx polarized beam could produce red shift at a point of investigation in the interference pattern. At the same time, the chosen spatial coherence for the yy polarized beam could produce a blue shift at the same point. For the combined source, the average value of the correlation lengths would be such that, at the receiver, it will produce the original source spectrum having no spectral shift. It would work as a reference spectrum for determining the red and blue shifts.
For example, choosing the source parameters as ω 0 = 10 15 s −1 , = 0.02ω 0 , the ratio of slit size to slit separation as 0.0263 and taking the values of relative coherence respectively as 3 and 17 for blue shift and red shift, as shown in figure 5 of [6] , the average value of relative coherence would be 10, which would correspond to no shift in the source spectrum. This implies that the spectrum at the receiver point would be either blue-shifted or red-shifted respectively for V and H polarizations, and for no polarization selection, the spectrum would remain invariant, as illustrated in figure 2.
Spectral switch based on temporal coherence
A spectral switch based on temporal coherence has been reported previously using a Michelson interferometer with a white light source [7] . Here, rather than using such a wide bandwidth light source, we consider a broadband source for which the spectral FWHM is restricted to 100 nm. This provides the flexibility of using high-brightness sources and ease in identifying the peak for the spectral shift. For such an interferometer, the spectral interference law gives the dependence of the modified spectrum S(ω) on the path difference δl as [16] 
where the source spectrum S 0 (ω) is given by equation (1). We see from equation (6) that the output spectrum of the interferometer is a modulated source spectrum weighted by a modifier function.
The schematic of such an interferometer is presented in figure 3 . The Gaussian broadband spectrum is selected from a continuous spectrum source S with the help of a Gaussian filter F (FWHM ≈ 100 nm). In analogy with section 2, using the combination of a small slit and aperture A after the filter, a GSM source is constructed. The GSM source rules out any possibility of spectral shift on propagation due to source correlations. A 50:50 nonpolarizing beam-splitter (NPBS) equally divides the beam intensity and the resulting two beams impinge on two mirrors (M 1 , M 2 ), which after reflection are superposed on the NPBS. The spectral properties of the interference field are probed at the far field.
Using the spectral interference law given in equation (6), the spectral properties at the interference plane can be studied. By changing one of the mirror (M 1 or M 2 ) positions, the path differences between the two arms of the interferometer can be changed. Figure 4 shows the red and blue spectral shift in the source spectrum for two different values of the path difference. For a balanced interferometer (when both arms have equal length), the resulting far-field spectrum was found the same as the source spectrum. Choosing the source parameters as ω 0 = 6 × 10 15 s −1 , = 0.2ω 0 , the numerical simulations show that for a 0.10 µm difference in path lengths (see figure 4) , the spectral changes are appreciable at the far field. This kind of spectral shift can be produced very rapidly in the following manner.
We use the polarization feature of light to flip the spectral shift in a fast manner. As shown in figure 3, a polarizer P followed by a EOM is used to select the state of polarization of light as vertical or horizontal. A PBS is introduced in one of the interferometer arms with an additional mirror M 3 placed at the reflection port of the PBS. The mirrors in the interferometer are positioned in such a manner that the path difference between the two arms containing M 2 -NPBS and M 1 -NPBS could be 0.20 µm, and between the two arms containing M 3 -NPBS and M 1 -NPBS could be 0.30 µm. By changing the EOM voltage (by a half-wave voltage), the source polarization (H to V and vice versa) changes and thus the desired path of the interferometer arm (containing mirror M 2 and M 3 ). This results in a change in path difference between the interferometer arms, which in turn changes the kind the spectral shift (red to blue and vice versa) in the interference region at the far zone.
We note that the red shift and the blue shift in the source spectrum, produced by changing the path difference in the interferometer arms, is a repetitive phenomenon [7] , i.e. spectral shifts similar to the one shown in figure 4 can be obtained for larger path differences between the interferometer arms. This would provide a wide range of options in choosing the proper path differences to produce the spectral switch for future commercial systems.
Data encoding and transmission scheme
The data encoding and transmission scheme is summarized in the block diagram shown as figure 5 . The transmitter consists of the GSM source as described before. For a system based on spatial coherence it would be a PCSS source. The receiver point could be selected as a point of phase singularity in the interference region. At first, the source spectrum would be recorded at the receiver as a reference spectrum. For the system based on spatial coherence, to select different polarization components having different spatial coherences, we insert an EOM followed by a polarizer P before the double slit, as shown in figure 1 . The EOM is fed with a half-wave voltage [15] using an electronic driver which can be operated (switched) by electric pulses carrying the bit information required to be encoded and transmitted. Thus for each bit as '1', the driver supplies a half-wave voltage to the EOM, which changes the phase by π . Since the polarizer axis is vertical, the H-polarized component of the field is allowed to pass the double slit. This produces a red shift in the source spectrum at the detection (receiver) point. Similarly for the data bit '0' in the transmitter, no driving voltage would be supplied to the EOM. Thus the V-polarized component would impinge on the double slit producing blue shift in the source spectrum at the receiver.
For the system based on temporal coherence, as shown in figure 3 , the polarizer passes only the horizontal component of light. For bit '1', no voltage is applied to the EOM. The PBS transmits the H polarization and the path difference between the two arms of the Michelson interferometer is such that a red shift is produced at the receiver point. For each bit as '0', the EOM is fed by the half-wave voltage, which changes Figure 5 . Proposed scheme for data encoding and transmission through free space using spectral switches based on spatial and temporal coherence. A series of bits 10 110 (decimal number 22) is encoded and transmitted. At the transmitter, corresponding to each data bit 1/0, the polarization is modulated as H/V. The interferometer produces the R/B spectral shift at the receiver in the far field, where after detection the spectral shifts are converted back to the data bits.
the polarization of light to vertical. The vertically polarized light is reflected by the PBS, making the path difference between the arms such that a blue shift in the source spectrum is obtained at the receiver. In both cases, at the receiver end, this spectrum is detected by a strongly sensitive spectral detector and passed to the decoder, which compares it with the reference source spectrum to determine the nature of the shift. The decoder can be programmed in such a manner that a red shift in spectrum would return a high voltage level, which is the initial data bit 1. For the blue shift a low voltage level after the decoder would be produced, which is the initial data bit 0. In this manner, a series of data bits (the whole information) could be encoded and transmitted using these schemes (see figure 5 ).
The advantages and limitations
Both the above-mentioned spectral switching based data processing mechanisms may provide better noise immunity and reduction in decoding errors, as random amplitude changes (noise) do not affect the data transfer as long as the detector at the receiver can read the spectral shift. Another advantage of the spectral switching assisted by an external parameter (polarization) is that the parameters to generate the spectral switch in both methods (degree of spatial coherence/path difference between interferometer arms) can be chosen arbitrarily to obtain larger shifts. In comparison with the previously proposed schemes, the present system would turn out rather simpler, as the polarization flipping is being achieved by electronic means (no mechanical motion is involved). In recent years, InGaAs and silicon based EOMs have been developed that operate over a broadband (nearly 100 nm bandwidth) range and the data encoding speed can reach up to a few 10 Gb s −1 [17, 18] . Since the operating wavelength for these fast EOMs is the telecommunications wavelength 1550 nm, and owing to the fact that the atmospheric losses are optimum for this wavelength, it might be the most suitable wavelength for commercial application of these data encoding and transmission schemes. The optical insertion losses for the transmitter could be minimized by using high-quality broadband anti-reflection coatings on the optical surfaces.
Although the use of a broadband light source in these schemes would provide the benefit of having intensities higher than those available in previously proposed schemes based on white light, for long-range data transmission it would be insufficient and, consequently, would limit the range for reliable data transmission. However, the rapidly growing technology is providing solutions in this direction. One promising candidate comprising broadband, high-brightness features would be the versatile super-continuum laser source developed in recent years. With the advancing technology, the increasing speed and decreasing half-wave voltage for the EOM would lead to fast, low-power devices for this purpose. Currently, the scope of these methods is limited to free-space communication, however, possibilities are galore in the future to use optical waveguides for low-loss long-distance data transmission.
It is worth noting that in both the above-mentioned schemes, once the source parameters are set to obtain the desired red and blue shifts, they remain invariant throughout the data processing. Only polarization selection is made to obtain the required shift. It has been shown that the spectrum in the far field may depend on the degree of polarization (DoP) of light [9] . However, such changes are absent when the source is completely polarized or unpolarized. For the schemes presented in this paper, the DoP of light is unity, which precludes any possibility of change in the spectrum due to the DoP of source.
Conclusions
In conclusion, the goal of faster data encoding and transmission using spectral anomalies without affecting the source properties seems realistic with our proposed system. Based on two available methods to obtain the spectral shifts using the spatial and temporal coherence properties of light, we propose schemes utilizing the polarization degree of freedom to encode data with the desired spectral shift in a fast and easy manner, which is a prime requisite for modern data communication systems. In both the methods, the produced secondary sources follow the scalar law, making the methods robust against spectral changes induced by long-range propagation. As a result, the spectral shifts obtained at the receiver would purely correspond to the encoded data bits at the transmitter. The speed of the data encoding schemes is ultimately governed by the speed of the available electro-optic modulators. Since the proposed schemes are basic proof of principle systems, their application for commercial and strategic purposes would require further development and the inclusion of data multiplexing, concealment and cryptographic aspects.
